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1) INTRODUCTION

The exponentially increasing demand to transfer massive amounts of
data between worid wide destinations generated by sophisticated space
and ground based high resolution multi-band sensors, interactive multi-
media, computer network interlinks, and wireless trunkline systems is
severely straining the available microwave bandwidth, which can only
grow Tinearly by costly extension into the millimeter-wave bands. Power
and spectrﬁ]ly efficient, high data rate modems are thus essential,
particu]éf]y at high concentration "bottle necks" which typically occur
in the space segment of communications backbones such as those planned
for deployment over the next decade.

A number of spectral modulation techniques have been previously
used to reduce the modulation bandwidth of digital data links. The most
notable are based on MPSK and QAM modulation techniques. However with
these approaches, extensive filtering must be performed on the modulated
signal to achieve a bandwidth efficiency of 2 bits per hertz. This
filtering causes inter-symbol interference {ISI) to be introduced into
the waveform, and introduces AM on the signal constellation. For ideal
systems the ISI can be compensated at the demodulator by using a complex
matched filter. This, however, places a severe burden on the receiver
filters, which must simultaneously act as matched noise filters. Power
hungry, Tinear (Class A) amplifiers are often required for such systems.

Prior to program phase I, Microwave Monolithics Incorporated
(MMInc.) identified an attractive approach to the implementation of
practical, bandwidth efficient, high data rate modems. The potential
advantages of this approach become readily apparent by considering
theoretical bandwidth efficiency and noise performance for the various
techniques. The theoretical unfiltered spectral efficiencies are:

1/2 bit/Hz for BPSK, 1 bit/Hz for QPSK, 1.5 bits/Hz for 8PSK, and

2 bits/Hz for MMInc.’s approach. Furthermore, and 8PSK system is about
a dB worse (related to Eb/No) than MMInc.’s approach at a bit error rate
of 10-6. Thus, the QPRS modem is inherently more bandwidth efficient
and less sensitive to noise than the more traditional 8PSK modem. More
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complex signal constellations, such as 16PSK, could not provide the
necessary noise immunity, even with extremely complex filtering schemes.

Preliminary computer analysis of the MMInc.’s approach further
supported the concept, therefore MMInc. fabricated a low frequency, low
deta rate, bandwidth efficient breadboard modem to experimentally
examine its capabilities for satellite communications applications. -
Prelimindry measured data was very encouraging, and the Phase I program
reported hérein was initiated to further demonstrate feasibility of the
modem via continued computer simulations, more extensive
characterization of the breadboard modem, and iteration of MMInc.’s high
speed design of this modem.

The exciting results from program phase I have clearly indicated
that a rugged, low power, bandwidth efficient, high data rate modem
based MMInc.’s approach is ideally suited to advanced satellite
communications systems, where bandwidth and prime power are at a
premium. A phase II proposal has therefore been submitted to fabricate
an engineering prototype of the high data rate bandwidth efficient modem
designed in phase I, and deliver it to NASA.

Key performance goals for the bandwidth efficient, high data rate
modem are summarized in Table 1-1. These goals, particularly bandwidth,
IF frequency, and data rates, have been selected for maximum
compatibility with on-going NASA programs, and to demonstrate the
capabilities of the modem.
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Table 1-1) Selected Technical Performance Goals

Preamble Length 1000 symbols max.
(Carrier and clock synchronization)
Data Rate 800 Mbps \
Bandwidth 450 MHz /Case ]
Data Rate 400 Mbps \
Bandwidth 225 MHz /Case 2
Qut of Band Power -60 dBc max.
Implementation loss < 3 dB from QPSK
@ BER of 10-6
with AGWN
IF Frequency 3.239 GHz
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2) SUMMARY

The objective of this SBIR phase I program was to demonstrate
feasibility of the high data rate, bandwidth efficient modem via
measurement of an existing low frequency breadboard modem and extensive
computer simulations, and to use the experimental and CAD results to
revise MMInc.’s high data rate modem design as necessary to prepare for
fabrication in phase II. The statement of work which guided this effort
is presented as table 2-1. Despite a severe interruption caused by the
"Northridge" earthquake on January 17, 1994, all of these tasks have
been completed, thus providing a strong foundation for the phase II
program.

Discussions with NASA technical personnel have indicated that the
originally proposed performance goals are appropriate for the
engineering prototype hardware to be fabricated in phase II.
Furthermore, measurements and computer simulations continue to indicate
that these are realistic goals. Therefore as previously indicated in
Table 1-1, no performance goal modifications have been made since
submission of the phase I proposal.

MMInc.’s existing low frequency, low data rate modem has been
extensively characterized, including experimental demonstration of the
crucial carrier recovery loop based on a re-modulation, demodulation
technique for phase locking of the reconstructed carrier. Performance
of this loop tracks computer predicted performance well, as do the
optimal settings of key gain and threshoid values in both the modulator
and demodulator. Validity of MMInc.’s computer moedels, both the custom
modem simulator and the MATHCAD simulations, have thus been
experimentaliy verified.

With enhanced confidence in the computer models, the program
continued with computer simulation of various sub-optimum operating
conditions to determine trade-offs between the various operating and
design parameters. Preliminary values for all key bandwidth and
threshold settings have been determined and incorporated into the high
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speed modem design.

Two key facts emerged as these measurements and computer
simulations continued. First, an enhanced data detection circuit is
highly desirable. Although the originally proposed data detector is
relatively simple and functions well under ideal conditions, a more
robust design is needed for compatibility with realistic hardware
implementations and operating conditions. A new data detection circuit
has therefore been designed and incorporated into the high data rate
modem design.

Second, although computer simulations are accurate and allow easy
modification and contrel of all systems parameters (even modem
architecture), they are extremely time consuming. This is particularly
true for.bit error rate calculations, which can take weeks of computer
time on modern workstations. The need for a low frequency modem which
can be modified with moderate difficulty, such as MMInc.’s breadboard,
has thus become even more apparent. Although not originally proposed as
part of the phase I effort, MMInc. decided to construct a second
generation low data rate, bandwidth efficient modem which is more
versatile than the original. Fabrication of this second generation
breadboard modem, which operates at a somewhat higher carrier frequency
and data rate to ease experimentation, is already well under way, thus
providing a "head start" for program phase II.
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Table 2-1) Phase I Statement of Work

Task 1) Assess NASA and commercial performance requirements for the low
power spectrum efficient high data rate modem, and, in
consultation with NASA technical personnel, finalize the modem
performance goals.

Task 2) Complete characterization of the existing low data rate
bandwidth efficient breadboard modem for performance in the
presence of channel noise. Utilize this breadboard to
experimentally derive key operating parameters and/or support
computer simulation results.

Task 3) Utilize computer simulations to estimate sensitivity to critical
fabrication tolerances for the low power and spectrum efficient
high data rate modem, and identify optimal set points for the
operating parameters.

Task 4) Utilizing design and implementation techniques to minimize prime
power consumption, refine MMInc.’s preliminary high data rate
modem design and estimate performance characteristics.

Task 5) Deliverables:

A) A final report will be submitted within 30 days of completion
of the technical effort.
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3) Theory of Operation

To circumvent the difficulties associated with more traditional
high data rate modem designs, particularly spectral efficiency and noise
susceptibility, MMInc.’s approach is based on low power Quadrature
Partial Response Signaling (QPRS), which is inherently superior in both
of these the critical areas. Without filtering, this approach provides
a theoretical performance (related to Eb/No) just 2.4 dB worse than
QPSK, andnhas a bandwidth efficiency of better than 2 bits/Hz.
Theoretical bit error rate performance of this modulation scheme in the
presence of AGWN (noise) is summarized in Figure 3-1. For comparison,
the theoretical performance of QPSK and 8PSK systems are include in this
figure.

Partial Response Signaling was proposed by Lender in the early
60°s {1} It was shown that a signal of 2*BW symbols per Hz could be
transmitted in a bandwidth of BW hertz with no inter-symbol
interference (ISI) without using infinitely sharp filters. This
technique was called duobinary signaling or correlative coding. The
basic process behind the technique is to introduce a controlled amount
of ISI into the signal spectrum. By introducing correlated interference
between pulses, and by changing the detection process, it is possibie to
achieve an ideal symbol rate of two symbols per hertz without band 1imit
filtering. Since the bandwidth efficiency is inherent in the approach,
filter design is considerably simplified compared to the case of the
more traditional 8PSK modulation scheme.

The process of duobinary coding will now be described in detail. A
partial response system generates an L-level signal from a binary bi-
Tevel data source (+/-1) using a linear weighted superposition of the
input symbols Xi, where the superposition memory extends over an n bit
period, ie:

Yi= KI*X1 + K2*Xi-1..... +Kj*Xi-j+1

NASA CR-195338 7



The duobinary transfer function can thus be described as a digital
filter incorporating an (n) bit delay, followed by a an ideal
rectangular transfer function. For the modem MMInc. has designed and
analyzed in program phase I, n=1. The Fourier transform of a one bit
delay is:

e-i2nfT |
thus therquobinary transfer function is:
HI(f) = 1 + e-J2afT
Since the transfer function of an ideal rectangular filter H2(f) is:
Ha(f) = T for |f|< 1/2T, 0 elsewhere,
the overall transmit transfer function, which consists of the composite

of H1(f) and H2(f), can be expressed as He(f) = HI(f) * H2(f), or (after
some algebra):

|He(f)| = 2T cos(afT) for |f] < 1/2T, 0 elsewhere

From this function, it is clear that quadrature modulation will lead to
a bandwidth efficiency of 2 bit/Hz. Hardware and computer models of
this modem, including measured and simulated spectrums clearly
demonstrating the 2 bit/Hz bandwidth efficiency, are presented in
subsequent sections of this report.
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4) High Data Rate Bandwidth Efficient Modem Design

The QPRS modem design presented in the phase I propesal has
remained essentially unchanged, however operating parameters and circuit
details have been refined throughout this program. In addition, an
enhanced data detection circuit has been adopted for improved
pérformance in the presence of noise.

The modem design is summarized in this section, starting with the
modulator-in section 4.1, followed by the demodulator in section 4.2.

4.1) QPRS Modulator

The QPRS modulator encodes the 800 Mbps data stream into two
duobinarj:coded channels. These channels, after filtering, drive the I
and Q inputs of the quadrature modulator. The combined signal then
passes through a cleanup filter, and becomes the modem output. The
modulator thus consists of three parts; input logic, QPRS
coder/modulator, and the control and status module. A schematic of this
medulator design is shown in Figure 4.1-1.

The input Togic is designed to keep data edges bit synchronous by
re-clocking all data brought into the module. Separate clock drivers
are used for this purpose. An input multiplexer allows for a forward
error correction module to be switched in for error encoding. The
module also includes differential signal precoding. Clocks are provided
by the data sources.

The QPR encoder module duobinary encodes, filters, and modulates
the data. The clock is buffered and synchronously reclocks the data
into the coder. The output of the registers of the coder are bilevel
coded using, for example, an ECL current switch quantizer. The output
of these quantizers are summed to form the tri-level (D+1) code:
+2,0,-2. The output signal from the coder is then filtered by a lowpass
filter with a bandwidth of 1/2T. For PRS signaling the filter does not

NASA CR-195338 10



cause undo phase distortion at the band edge due to the inherent roll
off of the duobinary coded waveform. The filtered I/Q channels modulate
the quadrature modulator to form the QPRS signal S(t). As with QPSK and
8PSK systems, phase balance of the modulator is critical to proper
operation (less than 2 degrees of offset).

The modem rate switching is accomplished by changing clock rates
and by switch selecting the filters in the partial response coder. Note
that for partial response the second transmit filter is not critical,
and it is possible to change data rates without affecting performance as
long as the range is not greater than 2:1. This feature would allow for
switching in a convolutional coder of rate 3/4, 7/8 without changing the
precoder filter.

NASA CR-195338 11



upLsag Joe[npoy Sydd (1-1'y s4nbLd

B=1-1s}
FEIPNLL]

T
iR

T sy
w1 M0d @

{

IF]

T »33
1 o4 @

»1

30 M

(8s¢ ‘v/E €72 2N
<P0DUT CAUCTY U/X A3Y

PEL--T'k ]
.>COU

J34

0300 ﬁ A1
A4

<030INECH .} 0upTng L
A=YV e 3 Ny SIpOT ISUOIEEN |DI3JTg | FEDI)

[€5) B o]

[ 11
01 %w %
\g\ EIgry LRI
=]
e i
T4
L £3c,
IS (¢} 3
1 A
[ £ @ uiuu o

Japasuy g

S/3UPY 343ur ( Wavy

Y sancu myog

12

NASA CR-195338



4.2) QPRS Demodulator

The demodulator is designed as a complete unit including input I/F
with coherent AGC, (QPRS demodulation, a carrier recovery loop, bit
synchronizer, and data detection module. A block diagram is shown in
Figure 4.2-1.

The *IF module has an input of 3.239 Ghz, with a bandpass noise
reduction filter to reduce the input noise bandwidth te just under 2/3T.
An AGC amﬁﬁifier follows the filter. The coherent AGC amplifier derives
it’s feedback control signal from the detected data. The AGC is a
critical part of the detection process for the modem, especially when
forward error correction is used. It provides a method of adaptive
threshold detection by keeping the envelope of the demodulated data at a
fixed level independent of the input signal, within the 30 dB dynamic
range of -the amplifiers.

The carrier recovery loop is the most critical portion of the QPRS
modem. Estimates of performance degradation due to carrier offset have
been made by Taylor and Cheung{z}, and they show the importance of good
carrier recovery. A phase errors of 6 degrees can cause performance
degradation of a dB or more at an error rate of 10~6. A data aided
remodulator, shown in Figure 4.2-2, is used for the carrier recovery
loop. The basic principal of the loop is to remodulate the received
signal R(t) with an estimate of the recovered data. This loop uses a
three level limiter to estimate the remodulation signal. The quantized
signal modulates a delayed R(t), the remodulated I/Q signal is
quadrature summed, and a collapsed estimate of the carrier is filtered
and phase-locked to form the coherent carrier reference. The critical
part of this loop is maintaining phase balance in the quadrature demod
and remodulator circuits. A phase balance of less than 3 degrees is
desired. An advantage of this loop is that all multipliers are A/C
coupled, hence balanced mixers can be used. A second advantage is that
a loop lock detector signal can be implemented by taking a quadrature
estimate of the collapsed carrier and the phase-locked carrier
reference. Proper performance of this loop has been demonstrated by CAD
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techniques, and has also been demonstrated experimentally with MMInc.'s
breadboard QPRS modem. This is discussed in more detail in subsequent
sections.

The phase demodulator is identical to the phase modulator used in
the modulator, and must be built with careful attention to phase balance
between the 0 degree and 90 degree splitters. A noise filter is used to
band Timit:the channel noise. The noise samples will be independent
since the naise has been band Timited to the Nyquist frequency (pi)/T,
and the tféﬁsmitter filter and the channel determine the shape of the
frequency response.

The Tevel quantizer switches about the tevels +/-r volts, and forms
a Tri-level signal of +1,0,-1. Multiplying both I/Q quantized signals
by R(T) and quadrature summing results in a reconstructed carrier
referenceof the form: (|A(t)|+]B(t)|)sin(Wt+dW+P)., This signal is then
filtered using a phase locked loop, and the filtered reference is feed
back to the quadrature demodulator. The three level quantizer is an
important feature of the demodulator. This current mode switching
circuit must have switching times on the order of 200 pico seconds, thus
FETs are employed as current switches followed by comparator amplifiers.
With both current switches off, a bias current flows through the load
resistor resulting in a +v reference voltage. As either or both
switches are turned on a zero or minus voitage is generated, thus
forming the three level signal. The differential comparator consists of
a pair of cascoded differential current mode amplifiers.

The data bit synchronizer, shown in Figure 4.2-3, is designed using
a transition detection loop. This loop is basically a data transition
detector followed by a phase Tocked loop filter. The differentiator
senses data transitions and rings up the transitions using a high Q
bandpass filter at 1/2Ft. This signal is then phase locked to the clock
reference. The PLL acts as an additional high Q filter. This circuit
works well even in high signal to noise ratio (>10 dB) situations.
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An estimate of bit clock lock is derived by taking a quadrature
estimate of the incoming data transition signal. This estimate has a
maximum value at phase lock, hence the signal can be lowpass filtered
and detected.

The data detector, shown in Figure 4.2-4, follows the data matched
filter. The filter is optimized to noise filter the recovered data
symbo]l as'Wg11 as equalize the recovered data pulse if required. For
pre-coded Q1ass one partial response the bit decoding can be simple,
a]though,'és described later, somewhat more complex schemes will prove
advantageous. In its most simplie form, the data decision is based on:

if(-r < X’(t) < +r), then "1", else "0"
where +/-r is a reference voltage equal to a derived threshold.

The AGC feed back to control the demodulator input signal level is
critical for proper operation of the modem. A simplie method of
providing this is to use a received data estimate of both I and Q. From
the soft decision of the data detector, we get an estimate of the |I|
and [Q] Teast three (3) significant bits. The coherent data signal
derived AGC control is taken from the sum of |I|+]|Q]. In the breadboard
modem, a simplified version of this circuit based on a non-linear
"absolute value” circuit has been implemented, and even this approach
appears to work well.
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5) Measurements of Low Data Rate Bandwidth Efficient
Breadboard Modem

MMInc. has evaluated performance of the breadboard modem at all key
points along the data path of both the modulator and demodulator. As
described later, these measured results are in excellent agreement with
computer simulations. A1l measurements presented in this section were
taken wifh\the remodu]atpr/demodulator carrier recovery loop in
operation{ic1ear1y indicating that this crucial loop operates as
predicted—by the MATHCAD simulations presented later.

To demonstrate operation of the QPRS modem, and provide a clearer
picture of the underlying operating principles involved, Figure 5-1
through Figure 5-10 present a sequence of measured signal waveforms at
selected ‘points in the data path.

rigure 5-1 is a photograph taken from an oscilloscope, showing the
modulators differentially encoded input data stream for the "I" channel
in the bottom half of the photo and the QPRS (D+1) tri-level signal
generated from this data stream in the top half of the photo. The
amplitude-phase constellation of these I/Q transmit signals is shown in
Figure 5-2. Note the anticipated nine point pattern, and the near
perfect symmetry which is achieved when the drive signals are properly
adjusted for amplitude and offset. '

As previously described, these I and Q signals modulate the IF
carrier (10 MHz for this breadboard modem) via an I/Q modulator. The IF
signal then passes through a channel simulater which provides
attenuation and the ability to add white noise. A photograph of the
resulting modulator output spectrum (prior to filtering of any kind) as
measured on a spectrum analyzer without additive noise is shown in
Figure 5-3. As shown in this figure, the unfiltered spectrum has its
first nulls at +35 KHz around the carrier frequency, for a total
bandwidth of 70 KHz. Since the bit rate for each of the I and Q signal
channels was set at 70 KHz for this measurement, the modems bandwidth
efficiency of 2 bits/Hz is evident. Also note the imbalance in the
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output spectrum caused by slight amplitude and phase imbalances in the
I/Q modulator. Obtaining and/or fabricating highly balanced I/Q mixers
is one of the key requirements for successful high data rate QPRS modem
implementation in program phase II. Figure 5-4 shows a spectrum of the
same signal, but with additive white noise, sampled at the output of the
dcmodulators AGC ampiifier. At this measurement point the combined
signal plus noise has been partially band filtered by the pre-filter of
the AGC éircuitry, but the increased noise floor is clearly visible.

Afté; passing through an AGC amplifier to set the received signal
to a fixed level, the demodulator mixes a reconstructed carrier with the
incoming signal in an I/Q demodulator. The demodulated I and Q baseband
signals are low pass filtered, and representative eye diagrams are shown
in Figure 5-5, with the I and Q channels on the top and bottom. For
reference, the data clock signal is shown in the center of this
photograph. A similar photograph, taken after the introduction of white
noise, is shown as Figure 5-6.

A photograph of the amplitude-phase constellation of the received I
and Q baseband channels is show in Figure 5-7. As for the modulator,
slight amplitude, phase, and offset errors, which are accumulated from
both the modulator and demodulator, are evident in this photograph. A
photograph of the same constellation, after the introduction of white
noise in the channel, is shown in Figure 5-8. ‘

To clarify how the data decoding circuitry operates, the received I
channel signal is shown at the top of the photo in Figure 5-9, the clock
signal is shown in the center, and the corresponding decoded data is
shown at the bottom. Note that the characteristics of the waveform at
the fop of the photo are similar to the (D+1) waveform originating in
the modulator, although the exact shape is different since this sample
is from a different portion of the originating pseudo-random data
stream. As shown at the bottom of this photo, a digital "1" (high) is
generated when the received signal is either above the positive
threshold or below the negative threshold, and a digital "0" (low) is
generated otherwise. Note also that the digital output signal shown at
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the bottom of this photo is delayed by one clock cycle due to the
reclocking circuitry in the data decoder logic.

A similar phote, taken at a different portion of the data stream,
was taken after the introduction of white noise. This photo is shown in
Figure 5-10. As expected, ;he I waveform becomes noisy, however the
data is correctly decoded as shown at the bottom of the photo.

The demoduiator in MMInc.’s breadboard modem does not contain a
data c1ock;rec0very loop, therefore the above measurements were taken
with the clock feed forward from the modulator. It was thus not
possibie to make bit error rate measurements since the phase of this low
frequency clock could not be adjusted to the required value. Extremely
long, adjustable, delay lines would be needed for this adjustment.
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Figure 5-1) Photograph showing the breadboard QPRS modulators
TOP: I channel differentially encoded data streanm
BOTTOM: (D+1) signal generated from this data stream

Figure 5-2) Photograph of the Breadboard QPRS Modulators
Amplitude-Phase Constellation
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Figure 5-3) Measured Unfiltered Transmit Spectrum of the Breadboard
QPRS Modulator without Additive Noise
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Figure 5-4) Measured Received Spectrum of the Breadboard
QPRS Demodulator with Additive Noise and Pre-filtering
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Figure 5-5) Photograph of Measured Breadboard Demodulator
EYE Diagram without Additive Noise

Figure 5-6) Photograph of Measured Breadboard Demodulator
EYE Diagram with Additive Noise
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Figure 5-7) Photograph of the Breadboard QPRS Demodulators
Ampiitude-Phase Constellation without Additive Noise

Figure 5-8) Photograph of the Breadboard QPRS Demodulators
Amplitude-Phase Constellation with Additive Noise
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Fjgure 5-9) Measured Waveforms Depicting QPRS Data Decoding

Without Additive Noise

TOP: Demodulator I Channel Signal
CENTER: Data Clock

BOTTOM: Decoded Data Stream

Figure 5-10) Measured Waveforms Depicting QPRS Data Decoding

NASA CR-195338

With Additive Noise

TOP: Demodulator I Channel Signal
CENTER: Data Clock

BOTTOM: Decoded Data Stream
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6) High Data Rate Modem Computer Simulations

Computer simulation of the QPRS modem were performed in two ways.
The MATHCAD program was used to verify functionality of all key parts of
the modem, including spectral efficiency, data path properties, and
carrier regeneration. A custom modem simulator was then used to
simylate the entire data path and perform bit error rate calculations
under a variety of simuiated operating conditions. These simulations
are summarize in the following sections.

6.1) MATHCAD Functionality Verifications

A MATHCAD simulation of the QPRS modem has been developed. The
main purpose of this simulation was to rapidiy investigate alternative
carrier récovery schemes, and select one for implementation in program
phase II. Functionality of other key biocks of the modem was, however,
also verified as a by-product of the simulation. This is demonstrated
in a series of plots produced by the MATHCAD program.

In Figure 6.1-1, the modulators {(D+1) simulated waveform is shown,
followed by the medulators amplitude phase constellation in
Figure 6.1-2. A plot of the simulated QPR modulated wave form is next
shown in Figure 6.1-3, followed by a Fast Fourier Transform (FFT) of
this waveform in Figure 6.1-4. WNote that the spectral efficiency is
2 Bits/Hz as expected from the QPR signaling algorithm. Following
demodulation, the received baseband.tri-level waveform is shown in
Figure 6.1-5, and the corresponding amplitude phase constellation is
shown in Figure 6.1-6.

To demonstrate the effects of soft limiting, such as might occur in
a Class C power amplifier, the modulators output waveform (previously
shown in Figure 6.1-3, was mathemaiically soft Timited. The resulting
waveform is shown as Figure 6.1-7. An FFT of this waveform produces the
spectrum shown in Figure 6.1-8. Note that the bandwidth efficiency
remains 2 Bits/Hz, but a second harmonic component is generated. This
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harmonic signal can be easily removed without in-band amplitude or phase
distortion. Following quadrature detection of this Timited waveform,
the simulated received baseband tri-level signal is shown as
Figure 6.1-9. The corresponding amplitude phase constellation is shown
in Figure 6.1-10. Note that the expected square pattern has been
cpmpressed into a circular pattern by the soft limiting. This will
introduce higher bit error rates as demonstrated in the next section.
The MATHCAD model was also used to demonstrate carrier
reconstruction for the demodulator. After introducing channel noise to
the soft-limited signal, the simulated received amplitude phase
constellation becomes that shown in Figure 6.1-11. To implement the
remod/demod carrier recovery, the reconstructed baseband signals
remodulate the received carrier. The I channel signal is then shifted
900 and gdded to the Q channel, resulting in the waveform shown in
Figure 6.1-12. Note that the reconstructed carrier signal is null when
either the 1 or Q baseband signal is zero. This will not cause a phase
locking problem for the local oscillator since the error signal will be
in a sample data loop.

As described above,this method of carrier reconstruction and local
oscillator phase locking has already been demonstrated in the breadboard
QPRS modem.
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Figure 6.1-1) Simulated Meodulator (D+1) Waveform

Figure 6.1-2) Simulated Modulator Amplitude Phase Constellation
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Figure 6.1-3) Simulated QPR Modulated Waveform
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Figure 6.1-4) FFT of the QPR Modulated Waveform Demonstrating
2 Bits/Hz Bandwidth Efficiency
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Figure 6.1-5) Simulated Received Baseband Waveform

Figure 6.1-6) Simulated Received Amplitude Phase Constellation
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Figure 6.1-7) Simulated QPR Modulated Waveform with
Soft Limiting
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Figure 6.1-8) FFT of the Soft Limited QPR Modulated Waveform
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Figure 6.1-10) Simulated Received Amplitude Phase Constellation

NASA CR-195338

with Soft Limiting at the Modulator

34



Figure 6.1-11) Simulated Received Amplitude Phase Constellation
with Soft Limiting at the Modulator and
AGWN Channel Noise

1

Figure 6.1-12) Reconstiructed Carrier Signal for LO Phase Locking
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6.2) Modem Simulation in the Presence of Noise

MMInc.’s custom QPRS modem simulator was used to simulate the
performance of the high data rate modem with and without additive
gaussian white noise in the channel. Simulated performance through
various portions of the modulator and demodulator are shown in this
section for comparison with the measured breadboard results the MATHCAD
calculations. Bit error rate (BER) runs of the modem simulator in the
presence of noise are presented at the end of this section. These bit
error raté simulations entailed very long computer run times, clearly
indicating the need for a breadboard modem. A1l of these simulations
incorporated the newly designed data decoder.

Waveforms have been plotted for various locations within the
simulated modulator and demodulator for comparison to measured wave
shapes. ~Starting with the modulator, Figure 6.2-1 shows the I channel
(D+1) tri-level signal generated by the QPRS algorithm following
differential encoding of the digital input stream. The eye diagram of
this waveform is shown in Figure 6.2-2, and the I/Q amplitude phase
plot of the transmitter is shown in Figure 6.2-3. Following modulation,
a discrete Fourier transform of the IF waveform produces the simulated
spectrum shown in Figure 6.2-4. As measured with the aid of the
breadboard modem, this spectrum clearly shows the QPRS modem’s bandwidth
efficiency of 2 Bits/Hz.

After detection in the demodulators I/Q mixers, and low pass
filtering to remove mixer harmonic products and noise introduced in the
channel, the received tri-level baseband I waveform (without additive
noise in the channel model) is shown in Figure 6.2-5. Introduction of
additive gaussian white noise results in the simulated received I
waveform shown in Figure 6.2-6. The corresponding eye diagram of this
waveform is shown in Figure 6.2-7 (without channel noise), and
Figure 6.2-8 (with noise). The I/Q amplitude phase plot is shown in
Figure 6.2-9 (without noise) and Figure 6.2-10 (with noise). Data
decoding of these received waveforms is correct, as shown by the bit
error rate "measurements” run on this simulator.
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The simulated bit error rate performance of the high data rate,
bandwidth efficient QPRS modem in the presence of additive gaussian
white noise (AGWN) is summarized in Figure 6.2-11. In this figure,
simulated performance at one dB intervals is superimposed on the
theoretical curves previously shown as Figure2.0-1. MNote that the
simulated data points are virtually on top of the thegretical curve for
QPRS modulation.

Due to the long computer run times involved, a complete curve for
the many'ﬁossible hardware imperfections such as phase imbalance,
amplitude imbalance, threshold variations, and DC offset were not
generated. Individual points were, however generated to investigate
modem sensitivity to some of these imperfections. As an example of one
of the more extensive of these calculations, Figure 6.2-12 shows the
effect of a 10° phase imbalance in the demodulators I/Q mixers.
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Figure 6.2-1) Simulated Modulator {D+1) Signal Waveform

Figure 6.2-2) Simulated QPRS Modulator Eye Diagram
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Figure 6.2-3) Simulated QGPRS Modulator Amplitude Phase Plot
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Figure 6.2-4) Unfiltered Spectrum of the Simulated QPRS Modulator
- Output Waveform, Showing 2 Bits/Hz Spectral Efficiency
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Figure 6.2-7) Eye Diagram of the Simulated Receiver 1 Channel
Without Channel Noise
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Figure 6.2-8) Eye Diagram of the Simulated Receiver I Channel
With Channel Noise
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Figure 6.2-9) Simulated QPRS Demodulator Amplitude Phase Plot
Without Channel Noise
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Figure 6.2-10) Simulated QPRS Demodulator Amplitude Phase Plot
With Channel Noise
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6.3) Modem Simulation in the Presence of Noise and Limiting

The internally developed modem simulator was also run with a
simplified model of a Timiting channel. To control computer run times,
this analysis was performed at selected Eb/No ratios.

With the limiter driven into approximately 3 dB compression, the
simulated performance in the presence of AGWN noise degraded by only
2 dB at an error rate of 10~4, and 2.5 dB at an error rate of 10-6.
Note that'this analysis is very preliminary since a simplified limiter
which does not include AM to PM conversion effects was implemented, and
the demodulator filters were sub-optimum.

A single simulation run was also made with the limiter driven into
1 dB compression. This run produced a degradation of about 1 dB at an
error rate of 10-4.
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7) Enhanced Bandwidth Efficient Breadboard Modem

As the program progressed, the necessity of a low frequency, low
data rate, bandwidth efficient breadboard modem such as MMInc.’s
existing breadboard became increasingly clear. Although this existing
breadboard provided many valuable insights and extensive data, including
all of the measured data presented in this report, it became obvious
that a second generation breadboard would be needed during phase II.
Although not originally proposed as part of the phase I effort, MMInc.
therefore ' decided to construct a second generation low data rate,
bandwidth efficient modem which is more versatile than the original.
Fabrication could not be completed within the constraints of program
phase I, however construction is well under way, thus providing a "head
start" on the proposed phase II effort. The new breadboard contains the
design changes developed under phase I, and operates at a somewhat
higher carrier frequency (70 MHz) and data rate (2 Mbps) to further ease
experimentation.

A photograph of the completed portion of this second generation
breadboard modem is shown in Figure 7-1.
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Figure 7-1) Photograph of a portion of the second generation
Breadboard Modem, providing a "head start" on Phase II.
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8) High Data Rate Modem Design Modifications

As previously described, both experimental measurements and
computer analysis clearly indicate that the preliminary high data rate
modem design originally submitted with the phase I proposal is a solid
design. Detailed evaluation of the modem performance characteristics in
the presence of noise have, however, indicated that a more robust data
detector, is required.

Specifically, certain transitions in the received I and Q signal
channels are invalid. For example, a direct transition from positive to
negative without an interim zero voltage signal is invalid since such a
transition can not be generated by the modulator. This and related
transition constraints are, in fact, what give the QPRS modulator its
superior bandwidth efficiency properties. The same constraints can, and
should, be used to perform "error correction" in the data detector.

Such "error correction" is not the same as traditional techniques
which introduce overhead bits into the input data stream. In the case
of QPR signaling the correction information is inherent in the
transmitted waveform, and no additional overhead, which would
effectively reduce the bandwidth efficiency, is required. A circuit

which implements this no-overhead enhanced data detection is shown in
Figure 8-1.

It must be noted that implementation of this enhanced data detector
does not preclude the simultaneous use of standard error correction
techniques. In fact the QPRS modem is particularly well suited to take
advantage of these techniques if desired.
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9) CONCLUSIONS

Despite a severe interruption caused by the "Northridge" earthquake
on January 17, 1994, all of the Phase I tasks have been completed on
time. The exciting results from this program clearly indicate that a
rugged, low power, bandwidth efficient, high data rate modem based on
MMInc.’s approach is ideally suited to advanced satellite communications
systems, where bandwidth and prime power are at a premium. A phase 1I
proposal has therefore been submitted to fabricate an engineering
prototype'of the high data rate bandwidth efficient modem designed in
phase I, and deliver it to NASA.

Key performance goals for the bandwidth efficient, high data rate
modem include a spectral efficiency of 2 Bits/Hz at a data rate of
800 Mbps, an implementation Toss less than 3 dB from QPSK at a BER of
10-6 with AGWN, and an IF center frequency of 3.239 GHz. These goals,
particu]ér]y bandwidth, IF frequency, and data rates, have been selected
for maximum compatibility with on-going NASA programs, as well as to
demonstrate the capabilities of the modem.

The experimental, theoretical, and computer aided design results of
phase I have clearly demonstrated feasibility of MMInc.’s modem design,
thus providing a strong foundation for the phase 1I program.
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